Neisseria meningitidis is an important cause of bacterial sepsis and meningitis worldwide. Nearly all pathogenic meningococci comprise one of five capsular groups. Safe and effective vaccines are available that target the capsular polysaccharides of groups A, C, W-135, and Y. However, there is no broadly effective vaccine against group B, which is responsible for approximately 30% of meningococcal disease in the United States (17) and 50% to 90% of disease in Europe (2) .
The group B capsular polysaccharide is an autoantigen and is therefore poorly immunogenic. Also, there are potential safety issues that are difficult to resolve for a vaccine that elicits autoantibodies. An alternative approach that avoids these concerns targets noncapsular antigens. A number of genes that encode new meningococcal vaccine candidates was identified from the genome sequences of several N. meningitidis strains (13, 20) . Bioinformatic analysis was used to predict proteins that were conserved and potentially exposed on the surface of the bacteria (15) . One of the proteins identified, designated genome-derived neisserial antigen 1870 (GNA1870) (also described by other authors as lipoprotein 2086 [15] ), is a 29-kDa lipoprotein that recently was renamed factor H-binding protein (FHBP) to reflect a critical function of this molecule in down-regulation of the alternative complement pathway and enhancement of serum resistance (9) . By flow cytometry, FHBP is surface exposed on live encapsulated N. meningitidis cells, and recombinant FHBP induces serum bactericidal antibodies in mice (11, 23) . The mouse sera also passively conferred protection against meningococcal bacteremia in an infant rat model (11, 23) .
Three FHBP variant groups (1, 2, and 3) have been identified based on divergence of their deduced amino acid sequences. FHBP from strains within these variant groups exhibits Ͼ90% amino acid identity, and there is approximately 63% to 85% identity in FHBP among variant groups (11) . Vaccination of mice with each of the three FHBP variant recombinant proteins induced antibodies that were bactericidal against strains of the same FHBP variant group but much less so against strains in the other groups (11) . Since the original publication by Masignani et al. (11) , two additional studies have provided experimental support for cross-reactive protective activity of antibodies among strains expressing subvariants within a variant group (6, 23) .
A promising multicomponent group B recombinant protein vaccine that is under development uses a variant 1 FHBP protein as one of its principal antigens (11, 23) . In previous studies, approximately half to two-thirds of disease-producing group B isolates expressed variant 1 FHBP proteins (11, 23) . Data on the prevalence and diversity of FHBP variant groups among strains from different geographic regions have important implications for monitoring the potential effectiveness of an FHBP-based vaccine. Herein we describe a high-throughput quantitative PCR (QPCR)-based method that allows rapid and precise assignment of FHBP genes into each of the three major variant lineages.
MATERIALS AND METHODS
Cloning of FHBP and construction of knockout strains. The FHBP variant genes from three prototype strains, MC58, 961-5945, and M1239 (variants 1, 2, and 3, respectively), were cloned into an Escherichia coli expression plasmid, pET21b (Novagen, Madison, WI), as previously described (11) . FHBP knockout strains were constructed as previously described (11) .
Growth of meningococci. N. meningitidis strains were stored in sterile, 10% nonfat milk at Ϫ80°C prior to use. The strains were subcultured on chocolate agar plates (Remel, Lenexa, KS) and incubated for ϳ16 h at 37°C in 5% CO 2 . Liquid cultures were grown in Mueller-Hinton broth (BD Biosciences, Franklin Lakes, NJ) supplemented with 0.25% D-glucose (Sigma-Aldrich, St. Louis, MO) to an optical density at 620 nm of 0.6. Cultures were either heat killed at 56°C for 1 h or used directly for genomic DNA preparation.
DNA purification. One milliliter of N. meningitidis culture (ϳ10 9 CFU/ml), grown as described above, was used for isolation of genomic DNA. The bacteria were processed using the DNeasy tissue kit (QIAGEN, Chatsworth, CA). The purified DNA was eluted in a 200-l volume of elution buffer AE. Five microliters of the eluate was tested for sterility by being plated on chocolate agar and incubated as described above. DNA concentrations were determined by measuring the absorbance at 260 nm using an extinction coefficient of 20 g Ϫ1 · cm Ϫ1 · liter. Plasmid DNA was isolated from 100-ml cultures of E. coli grown to stationary phase. Plasmid DNA was purified using the Hi-Speed Midi kit (QIAGEN). DNA was eluted in a 500-l volume of elution buffer (10 mM Tris · Cl, pH 8.0), and the concentration was determined as described above.
DNA sequencing. FHBP DNA sequences were determined commercially, using primer sequences that had been reported previously (11) . Sequencing templates were PCR products amplified from genomic DNA or heat-killed liquid cultures.
Conventional and quantitative PCR. (i) Primer design. Oligonucleotide primers were designed using Primer3 software (Whitehead Institute, Cambridge, MA) to yield thermal transition midpoint values of 60°C and amplicon sizes of 100 to 200 bp. Through alignment of all N. meningitidis FHBP sequences in GenBank (n ϭ 71), we performed sequence alignments using ClustalW (3) to identify regions that were absolutely conserved within each variant group. Based on these alignments, oligonucleotide primers were designed to recognize either variants 1 and 2 (v.1 and v.2, also called primer pair v.1,2) or variants 2 and 3 (v.2 and v.3, also called primer pair v.2,3) (Fig. 1) . Two primer pairs is the minimum needed to discriminate among three variant groups, thus maximizing the number of strains that can be examined in one grouping experiment.
The oligonucleotides used were v.1,2_f (5Ј-AAACGAGAAACTGAAGCTG GCGG), v.1,2_r (5Ј CGGCTGACCTTGTCGTTCTTCAAT), v.2,3_f (5Ј-CCGT CGTTGCCCTACAGATTGAAA), and v.2,3_r (5Ј-GCAGTTGGTTGAAGGC GGTATGTT). The primers used for the 16S rRNA control reactions were 16S_f (5Ј-TGCTTGGTAGCGTAGCTAACGC) and 16S_r (5Ј-TTAATCCACATCA TCCACCGC).
(ii) Conventional PCR. PCR was performed using plasmid (1 ng) or genomic DNA (10 ng) templates. PCRs consisted of 1ϫ ThermoPol buffer (New England Biolabs, Beverly, MA), 200 M deoxynucleoside triphosphates, 200 nM each forward and reverse primers, and Taq DNA polymerase (New England Biolabs). Cycling conditions were 95°C for 10 min and 30 cycles of 94°C for 15 s, followed by 60°C for 30 s and then 72°C for 5 min. Products were separated on a 2% agarose gel in sodium borate buffer (1) and visualized by staining with ethidium bromide.
(iii) Quantitative PCR. QPCR was performed using an ABI 7900HT instrument (Applied Biosystems, Foster City, CA) and SYBR green detection. Reactions consisted of 1ϫ SYBR green master mix (Applied Biosystems) and 400 nM each forward and reverse primers. QPCR templates were either plasmid (1 ng) or genomic DNA (10 ng) or ϳ10
6 CFU equivalents of a liquid culture (optical density, 0.6) washed in phosphate-buffered saline. For colony QPCR, an ϳ1-mm-diameter colony was picked into 100 l of 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, and the cells were killed by incubating them for 1 h at 56°C. Reactions were assembled in a 22-l volume and then distributed into quadruplicate 4.5-l reaction mixtures in a 384-well optical plate (Applied Biosystems) and sealed with optical tape (Applied Biosystems). Cycling parameters were as described above for conventional PCR, followed by a dissociation step for measurement of thermal melting transition temperatures. Amplification data were exported and reduced using Microsoft Excel. All data shown are the averages of two to five replicates.
RESULTS
FHBP molecular grouping of prototype strains. To demonstrate the ability of the molecular grouping method to discriminate among variants, we first established a conventional PCR approach. Primer pairs specific for variants 1 and 2 (v.1,2) or variants 2 and 3 (v.2,3) were used to amplify plasmid clones of FHBP ( Fig. 2A) Fig. 2A, middle panel) . Primers specific for 16S rRNA failed to amplify any of the plasmid templates ( Fig. 2A, lower panel) .
Using genomic DNA templates, similar results were obtained. The v.1,2 primer pair specifically amplified its cognate targets (Fig. 2B , upper panel, lanes 1 to 2) but not a noncognate target (lane 3) or isogenic FHBP knockout strains (lanes 4 to 6). Similar results were obtained for the v.2,3 primer pair (Fig. 2B, middle panel) . Primers specific for 16S rRNA amplified all genomic DNA templates with similar efficiencies (Fig.  2B, lower panel) . Some products were observed for FHBP variant-specific primers with no template or noncognate templates; however, these products were faint and smaller in size than specific products, and they were easily distinguished from specific products.
To enhance the speed, throughput, and quantification of the FHBP grouping method, we implemented a QPCR approach. The same templates used above were amplified in QPCR reactions using SYBR green fluorescence to detect doublestranded DNA products (Fig. 3) . The MC58 FHBP (variant 1) plasmid clone gave a low cycle threshold (C T ) value (indicative of a high signal) for the v.1,2 primer pair but a high C T (low signal) for the v. a high C T for the v.1,2 primer pair and a low C T for the v.2,3 primer pair. A no-template control reaction gave high C T values for both primer pairs (Fig. 3) . Overall, the QPCR approach gave similar results compared with the conventional PCR approach.
The same respective patterns of C T values were seen for the three FHBP variants when genomic DNA was used as the template for QPCR (Fig. 3, middle) . For the isogenic strains bearing genetic knockouts of FHBP, the 16S rRNA primers yielded an amplicon at a low C T value (data not shown), but neither of the variant-specific primer pairs did so (Fig. 3, right) . As with the conventional PCR approach, small amounts of product were detected for noncognate primer-template combinations, which is likely a result of weak cross-reactivity between the noncognate primers and the genomic DNA template from the strain. However, the values obtained with the noncognate primers were typically Ͼ12 C T cycles higher than for the respective cognate combinations. The smallest difference observed was 5 C T cycles, which still reflects a 32-fold difference in QPCR product. Thus, there was no difficulty in distinguishing positive from negative QPCR results.
Next we tested the feasibility of performing quantitative PCR directly from bacterial colonies, which enhances potential throughput of the method. From an overnight culture on chocolate agar, we suspended five colonies of each of the three prototype variant 1, 2, and 3 control strains into a small volume of buffer solution. The respective results obtained from colony QPCR were similar to those of the other template sources tested (plasmid or genomic DNA or liquid bacterial culture). The mean values for positive signals from the bacterial colony suspensions were between 16.1 and 20.0, and the values for negative signals were 34.5 to 36.8 (Fig. 4) . The standard devi- Table 1 . We performed the QPCR reactions using heat-killed N. meningitidis cells as PCR templates.
The FHBP variant grouping of these 13 strains and the respective isogenic FHBP knockout mutants of 8 of these strains is shown in Fig. 5 . All of the strains harboring an FHBP variant 1 gene gave the characteristic pattern of a low C T value for v.1 and v.2 primers and a high C T for v.2 and v.3 primers (Fig. 5A, left) . In contrast, the isogenic FHBP knockout mutants gave similar respective C T values for 16S rRNA (data not shown) but high C T values with both of the v.1,2 and v.2,3 FHBP primer pairs (Fig. 5A, right) . The five strains bearing an FHBP variant 2 gene gave the characteristic pattern of low C T values for v.1,2 and v.2,3 primer pairs (Fig. 5B, first set) . The isogenic knockout mutants Table 2 ). gave the expected pattern of high C T values for both primer pairs (second set). The four FHBP variant 3 strains gave a low C T for v.2 and v.3 primers but a high C T for v.1 and v.2 primers (third set). The M1239 FHBP variant 3 knockout control gave high C T values for both of the variant-specific primer pairs (fourth set). FHBP grouping of disease isolates from California. We next applied the FHBP molecular grouping method to a collection of capsular group B isolates submitted to the California State Health Department between 2003 and 2004. The isolates were from 48 patients with meningococcal disease who were hospitalized in 22 counties. By QPCR-based grouping, the majority of the isolates had FHBP variant group 1 genes (83%), with a smaller representation of variant 2 (13%) and variant 3 genes (4%).
To validate the QPCR approach on these unknown strains, we determined the sequences of the FHBP genes of 15 of the California isolates. These isolates included the eight that had been identified by QPCR as having FHBP variant 2 or 3 genes and a subset of 7 of the 40 isolates identified by QPCR as having variant 1 genes. The deduced FHBP amino acid sequences of the 15 isolates were compared to the variant 1, 2, and 3 prototype strains to determine the sequence identity (Table 2 ). This analysis showed that the QPCR grouping method accurately identified the variant group of each strain as judged from DNA sequencing.
DISCUSSION
Previously, DNA sequence typing has been used for wellcharacterized meningococcal antigens, such as the major porin PorA (19) as well as FetA (21), and more recently for FHBP (6, 11) . A conventional PCR-based approach also has been used to assign capsular groups (16) and PorB variable region types (18) .
DNA sequencing of the genes encoding the new meningococcal vaccine antigen, designated GNA1870 or FHBP, is useful to identify common or representative versions of the three variant groups of this promising vaccine candidate. Since DNA sequence determination of one or more genes from many strains is resource intensive, we developed a rapid, highthroughput assay to distinguish strains from different FHBP variant groups. We considered using the same respective primers for performing conventional PCR and identifying specific products by electrophoretic mobility in agarose gels. However, compared with the typing methods for PorB and capsular group mentioned above or conventional PCR, the QPCR method has advantages of being more rapid, relatively inexpensive, and scalable to grouping a large number of isolates in a single day.
A number of monoclonal antibodies (MAbs) have been raised against FHBP variant 1 (7, 23). However, to date, there are no MAbs that recognize all strains within a variant group. One of the MAbs, JAR-1, binds to all strains expressing the canonical variant 1 protein (examples are strains MC58, H44/ 76, CU385, and others from the hypervirulent lineage associated with electrophoretic type 5) (23) . In the present study, all of the California meningococcal isolates recognized by MAb JAR-1 in a whole-cell dot blot assay (n ϭ 35) had FHBP variant 1 genes by QPCR. Five additional California isolates identified as having FHBP variant 1 genes by QPCR were negative for binding to MAb JAR-1. By DNA sequencing, these five isolates were confirmed as having genes encoding FHBP variant 1 ( Table 2) . FHBP group assignments of all of the isolates that were identified as variant 2 or 3 by QPCR also were confirmed by DNA sequencing of the FHBP gene. Thus, the QPCR method provided a precise grouping designated for FHBP variant 1, 2, and 3 strains.
To develop an FHBP-based group B vaccine, it is important to know the distribution of variant 1, 2, and 3 FHBP strains in different geographic regions, since antibodies raised to the variant 1 protein are bactericidal against most FHBP variant 1 strains but show little functional activity against variant 2 or 3 strains (6, 23) . In a previous study by Masignani et al., FHBP variant 1 genes constituted 54% of strains examined (11) . These data suggested that at least two FHBP proteins (variants 1 and 2) might be required for an FHBP-based vaccine to provide broad coverage against strains causing most group B meningococcal disease. However, the strains in the study by Masignani et al. were selected to be representative of the known genetic diversity among N. meningitidis strains and, therefore, most likely included a disproportionate number of rare isolates chosen on the basis of genetic diversity rather than disease prevalence.
In the present study, FHBP variant 1 was present in 83% of group B isolates obtained during 2003 to 2004 from patients residing in 22 counties in California. By DNA sequencing, variant 1 also was present in 69% of recent isolates from Swedish patients (8) . Thus, the variant 1 protein is the most prevalent of the three variants, and a single FHBP protein has the potential to prevent the majority of cases of disease. In devising a multicomponent group B recombinant protein vaccine, it therefore may be preferable to include FHBP variant 1 and other unrelated, promising vaccine antigens, such as GNA2132 (15) and/or NadA (4). Adding FHBP variant 2 a FHBP DNA sequencing was performed on all of the California isolates grouped as variant 2 or 3 by QPCR and on 7 of the 40 isolates identified as variant 1. The closest match to one of the three FHBP prototype sequences is shown in boldface.
b Positive for reactivity with the MAb JAR-1 (23), which was raised against the FHBP from strain MC58.
and/or variant 3 proteins may provide less of a benefit, since the immune response to several antigenically unrelated proteins may help avoid selection of escape mutants. Such a strategy, however, underscores the need to determine the prevalence of different variants of FHBP among strains from additional geographic areas and to monitor carefully for emergence of FHBP variant 2 or 3 N. meningitidis strains after a vaccine is introduced. The QPCR method described herein is rapid and precise and can be applied to large numbers of isolates in a single day. The method also is potentially suitable for monitoring genetic variation of the other proteins targeted for vaccination.
